We demonstrate the operation of a digital microfluidic lab-on-a-chip system utilizing Electro Wetting on Dielectrics (EWOD) as the actuation principle and a High Fundamental Frequency (HFF; 50 MHz) quartz crystal microbalance (QCM) resonator as a mass-sensitive sensor. In a first experiment we have tested the reversible formation of a phosphor-lipid monolayer of phospholipid vesicles out of an aqueous buffer suspension onto a bio-functionalized integrated QCM sensor. A binding of bio-molecules results in an altered mass load of the resonant sensor and a shift of the resonance frequency can be measured. In the second part of the experiment, the formation of a protein multilayer composed of the biomolecule streptavidin and biotinylated immunoglobulin G was monitored. Additionally, the macroscopic contact angle was optically measured in order to verify the bio-specific binding and to test the implications onto the balance of the surface tensions. Using these sample applications, we were able to demonstrate and to verify the feasibility of integrating a mass-sensitive QCM sensor into a digital microfluidic chip.
Introduction
The realization of a lab-on-a-chip, which is designed to perform and online monitor (bio-)chemical reactions by processing microliter volumes of different reagents and reaction products, is one of the major goals within microfluidics. For this purpose, the fluids can either be driven as a continuous flow through a fluidic channels or the fluid can be actuated and manipulated in terms of individually addressable discrete droplets. The latter holds the advantage of more degrees of freedom and a higher flexibility to react on real-time measurement results. Furthermore, measurements can be performed on precisely controlled sample droplets out of a microfluidic stream saving the rest of the sample fluid for further operations. Essential for this so called digital microfluidics is the actuation principle selected for single droplet manipulations. It defines the requirements for the design of the actuation elements as well as the specifications for the integration of the sensor elements into the microfluidic chip.
We discuss our work on a lab on a chip system including Electro Wetting on Dielectrics (EWOD) as an actuation mechanism for digital microfluidics, see Section 1.1. Specifically, we consider a coated quartz crystal microbalance (QCM) as a mass sensitive resonant chemical sensor (Section 1.2). Our aim was to investigate the suit-ability of a QCM sensor in such a digital microfluidics platform. Using a QCM with a chemical interface in a digital microfluidics setup could provide the opportunity to sensitively record the sensor's response after the sample droplet has been removed from the sensor where specifically bound target molecules remain in the interface. The response due to the latter could then be measured without spurious effects due to liquid loading. As will be discussed below, this seeming advantage could not be exploited as anticipated. Due to the different fabrication technologies, a hybrid technology had to be devised. We report on the challenges associated with this hybrid technologies and the performance obtained with the first series of prototype devices. As a particular requirement for the utilization of digital microfluidics, hydrophobic surfaces have to be used. This requirement also imposes restrictions on the chemical interface of the QCM sensor, which was in our case constituted by a self-assembled monolayer (SAM) the hydrophobic properties of which are investigated as well. The setup displaying the integration of the QCM is presented in Section 2. Measurements and results are shown in Section 3. Conclusions of the observed results and the prospective outlook are presented in Section 4.
Electro wetting on dielectrics
Digital microfluidics deals with single liquid droplets which are individually addressable and can be manipulated in a programmable way. A common actuation mechanism for these manipulations is known as electro-wetting on dielectrics. In open 0924-4247 © 2011 Elsevier B.V. doi:10.1016/j.sna.2011.04.032
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Fig. 1.
In the left part a droplet resting on an electrode covered with a dielectric layer with a hydrophobic surface displays a contact angle Â0. In the right part an applied voltage between the droplet and the electrode lowers the contact angle.
or covered EWOD systems the droplet is resting on a single plate or is squeezed between two plates, respectively. In both cases, the droplet adopts the shape with the minimal total surface energy. The different contributions to the total energy, e.g., surface tensions , electric potential differences, surfactants as well as gravitation change the actual droplet shape [1] . At the contact line between the liquid droplet and the solid surface a third phase is present, namely the ambient fluid which encapsulates the droplet and can consist of a liquid or gaseous phase. For small droplets with a high surface to volume ratio, gravitation can be neglected. Thus, the shape can be approximated by a sphere which is cut off by the surfaces of the contacting plates. The tangent to the approximated sphere in a point of the contact line includes the so called contact angle with the solid surface, see Fig. 1 .
In other words, the contact angle Â of a droplet (denoted by the subscript L) in contact with a hydrophobic surface (S), surrounded by an ambient fluid (G), is predetermined through the balance of the surface tensions, given by the Young's equation:
LG (cos Â) = SG − SL
The application of a voltage V between two electrodes, which are in contact with the droplet, changes the charge distribution at the droplet surface. This lowers the effective surface energy of the solid/liquid interface. The relation between the charge distributions at the interfaces, consisting of the charges at the electrode surface and a double layer formed out of counter ions in the droplet, and the applied voltage can be described as the double layer capacitance. The applied potential difference drops at the double layer and causes hydrolysis at too high voltages. In order to avoid the hydrolysis a dielectric layer isolates the electrode from the droplet. The surfaces charge density is now proportional to the specific capacitance per area c of the isolating layer and the applied voltage. Additionally, the potential difference drops at the dielectric layer, which reduces the electric field strength within the droplet to a negligible level. The capacitive energy stored at the solid to liquid interface decreases the surface energy and is proportional to the specific capacitance c and the square of the applied voltage V, see Eq. (2).
The Lippmann-Young equation (3) describes the decrease of the contact angle Â (CA) starting from a CA at zero applied potential Â 0 due to an applied voltage. The change of the contact angle is depicted in Fig. 1 .
If the voltages are applied to individually addressable electrode areas located under the droplet, the resulting charge distribution on the surface is inhomogeneous. Thus, the surface tensions are unbalanced along the contact line which implies a force pulling the contact line outwards. If the surface of the contacting solids is hydrophobic to a certain extent [2] , the droplet moves until a new balance of forces is reached, i.e., until the overlap of the droplet with the actuated electrode is maximized. With a sequence of actuation steps a consecutive transportation can be achieved, see Fig. 2 . Different actuation sequences and electrode designs can be used for EWOD manipulations, e.g., creation, transport, mixing, divisions and accurate handling of multiple small volume droplets [3] [4] [5] on a common electrode array. This offers the possibility of performing different (bio)-chemical reactions on the same chip by simply changing the sequence of droplet manipulations.
Sensor principle
In this paper we show the feasibility of integrating a quartz crystal microbalance (QCM) into a digital microfluidic chip. The QCM is utilized by many research groups as a mass sensitive sensor. The experimental aspects of the use of a QCM are discussed in [6] . Among other applications it can be used for detecting the specific binding of bio-molecules [7] . According to the Sauerbrey relation [8] , a change in surface mass deposition m on the sensor surface, e.g., due to biochemical binding of molecules, results in a corresponding shift of the fundamental resonance frequency f of the thickness shear mode. The Sauerbrey relation is given below (4), where denotes the mass density (2.648 g/cm 3 ) and the shear modulus (29.47 GPa) of the quartz crystal.
In addition to this, the viscosity Á L and the density L of the liquid do also contribute to the shift of the resonance frequency [8] .
Kanazawa and Gordon investigated that dependency and stated the relation:
A crucial factor for the performance of QCM systems is the fundamental resonance frequency f 0 of the piezoelectric sensor due to the quadratic dependency of the frequency shift. Assuming a high resonance frequency, the same shift of the resonance frequency is achieved by a lower bonded mass. Thus, the use of a quartz crystal with a high fundamental frequency results in a highly sensitive mass sensor, which is able to detect the binding of a smaller amount of molecules. Following the resonance condition (6), the fabrication of TSM resonators with higher values of f 0 is basically achieved by reducing the plate thickness h of the sensor, which is illustrated in Fig. 3 . The thickness h of the quartz resonator is crucial for the fundamental resonance frequency. In the lower part an additional mass load adheres to the sensor which results in a shift of the resonance frequency.
The transverse shear waves induced from the quartz crystal propagate in the fluid and are damped by the fluid. At a distance ı from the crystal surface the oscillation amplitude is vanishing. This penetration depth is reciprocal to the oscillation frequency [9] .
A higher oscillation frequency reduces the volume above the sensor which acts as an unwanted mass load. For practical purposes, the minimum thickness of the quartz crystal is constrained by mechanical stability issues. Most applications utilize either 5 MHz or 10 MHz resonators, with a corresponding plate thickness of 0.33 mm or 0.17 mm, which provides a sufficient mechanical stability. Thus, these sensors can easily be clamped into the wall of a fluidic chamber, with the drawback of being less sensitive to changes in mass deposition and a higher penetration depth.
Occasionally, sensors with resonance frequencies between 20 MHz and 30 MHz are used (e.g., [10, 11] ). These sensors are smaller in diameter (typically about 8 mm) and already rather thin and fragile.
An alternative approach to realize quartz crystals with higher fundamental frequencies is to form quartz resonators with an "inverted mesa" structure [12] . These quartz disks with a diameter and thickness of about 5 mm and 0.1 mm, respectively, have a membrane of reduced thickness only in their small central circular area of about 5 mm 2 . The surrounding thicker material provides a better mechanical stability, which is independent from the membrane thickness. The thin center can have a thickness as low as 8.3 m, which results in a high fundamental frequency (HFF) of up to f 0 = 200 MHz. In setups which use high fundamental frequency quartz sensors in continuous (micro-)fluidic systems much effort is needed to seal and contact the sensor.
The consecutive and reversible formation of multi layers of molecules onto the surface of a quartz crystal was shown in [12] . These multi layers consist of phospholipids which are able to form a link with a monolayer of 1-octadecanethiol and the bio-molecule Streptavidin which is able to bind on biotin carrying phospholipids. In that contribution, the reagents were provided in a continuous flow.
In our contribution the sample liquid is provided to the QCM sensor element in terms of single droplets, which allows for an individual control and manipulation prior and posterior to the measurement. The functionality of transporting the droplets to and away from the sensor spot as well as measuring a biochemical reaction on the sensor surface has been integrated into a digital microfluidic platform. An AT cut quartz which resonates in a thickness shear mode with a fundamental resonance frequency of f 0 ≈ 50 MHz was utilized.
Integration of the QCM
The microfluidic chip is designed as a closed system consisting of a base and a cover plate. The cover plate has to contain all the structured electrodes necessary for the EWOD actuations. Thus, the QCM, which is integrated into the base plate, is electronically separated from the top plate. Also, the actuation sequences for the droplet manipulations and the AC signal for the impedance measurements are not applied at the same time to rule out any interference. In order to integrate a sensor into a digital microfluidic platform the sensor has to display a hydrophobic surface. This hydrophobic surface allows for the movement of the droplet to and away from the sensor and can be an intrinsic property of the sensor or can be added by a coating with a hydrophobic material or by a surface treatment which enhances intrinsic hydrophobic properties. For an illustration of the microfluidic platform see Fig. 4 . The functionality of the sensor depends on the ability to specifically bind bio-molecules. This functionality is provided by a hydrophobic self assembled monolayer (SAM), which is described in Section 2.2.
The contact area of the droplet has to match the membrane area of the HFF QCM. The two different contact angles Â 1 and Â 2 , between the droplet and the QCM surface or between the droplet and the top plate surface, respectively, define the radius r of the droplet and the maximal plate distance h at a given droplet volume.
The droplet is confined between the base and the cover plate positioned in a 2 mm distance, as illustrated in Fig. 4 and is transported by means of EWOD actuation to and off the sensor field. As a second step, the QCM has to be bonded as planar as possible into the base plate in order to avoid an obstacle for the droplet movement. The transverse shear mode of the QCM is stimulated by an electric field applied across the quartz crystal, which requires electric contacts on both sides of the active quartz crystal membrane. In order to meet all these requirements two alternative designs of the base plate were tested. The first design utilizes a HFF quartz crystal which was integrated as planar as possible into a circuit board. Onto both sides of the quartz crystal electric chromium/gold contacts were deposited. One side of the quartz crystal was in direct electric contact with the copper layer of the circuit board. The other side which is intended to be wetted by the droplet was electrically contacted by a gold wire bond; see left part of Fig. 5 .
In the second design a hole of the same diameter as the quartz crystal was drilled into a glass substrate. The QCM was glued from the backside into that hole. The QCM was contacted on both sides by physical vapor deposited chromium/gold electrodes, which also covered the whole surface of the substrate; see right part of Fig. 5. 
Design of the electrowetting platform
The microfluidic platform is realized as a covered EWOD system which consists of a base and a cover plate. The cover plate consists of a glass substrate onto which an electrode array (a 3 nm chromium adhesion layer plus a conductive 50 nm gold layer) was photo-lithographically structured. In order to obtain EWOD forces exceeding the minimal actuation forces of PBS on PTFE the applied voltage has to be at minimum 36 V. For the calculation of the minimal voltage the Eq. (10) suggested by [13] was used assuming a small hysteresis angle ˛. The hysteresis angle ˛ represents the "pinning" of the contact line up to a certain unbalance of the surface tensions.
The dielectric layer which was used to isolate the electrode array consists of a 150 nm thick Al 2 O 3 layer and a hydrophobic top coating of 1.6 m Polytetrafluorethylen (Teflon AF, obtained from DuPont, PTFE). The breakdown voltage of the realized isolation layer exceeds 100 V. The maximal resulting reduction of the surface energy was 0.11 J m −2 which provides the electro capillary forces needed for dragging the droplet across more sticking surfaces. The width of each electrode (1 mm) was less than the half contact radius of the droplet separated from each other by a saw-tooth like 40 m broad separation line. This design ensures an overlap of the droplet with at least three electrodes at an arbitrary position, see Fig. 6 . An applied voltage between two adjacent electrodes neighboring the droplet induces a bipolar charge distribution in the droplet. The overlap area of the droplet with the two actuated electrodes has a reduced surface energy due to the applied voltage. Thus, the droplet relocates to the center of these two electrodes. Switching the actuation voltage to the next pair of electrodes pulls the droplet towards those. As a result, a consecutive movement of the droplet is achieved by actuating only ungrounded coplanar electrodes which gives the designer of the chip the freedom to vary the electrode configuration of the second plate into which the sensor is integrated.
Functionalization of the QCM
As described in Section 1.1, for a reliable EWOD actuation the coating of all surfaces contacting the droplet has to be hydrophobic with a low hysteresis angle. The first step of integrating a QCM sensor is to cover the surface with a hydrophobic layer which on the one hand allows for actuation, and on the other hand enables the binding of the bio-molecules of interest. This layer was formed by a self assembled monolayer (SAM) of 1-octadecanethiol, obtained from Sigma Aldrich. The functionalized surface of the gold covered glass substrate showed hydrophobic properties with a contact angle of 101 ± 1 • and a low hysteresis angle ˛. First tests confirmed the feasibility of the surface tension driven transportation.
Furthermore, it enables the formation of a phosphor-lipid monolayer out of an aqueous buffer suspension, which serves as a sample reaction for bio-chemical bindings in general and can be measured by a corresponding change of the resonance frequency of the QCM. A solution of phosphor-lipids which carried biotin residues on 20% of the phospholipid head groups in a phosphatebuffered saline (PBS) were prepared as described in [14] . The biotin residues form a link with the bio-molecule streptavidin, which can be measured as a second additional mass load. The formation of this bio-molecular multilayer onto a gold covered surface is schematically depicted in Fig. 7. 
Measurements

Test of the integrated QCM
A series of phosphate buffered saline (PBS) droplets of approximately 5 l volume were transported to and away from the QCM sensor. Initial reference spectra were taken at ambient temperature of 24.1 • C to determine the fundamental frequency and the corresponding quality factor Q = f 0 / f FWHM in an unloaded condition and loaded with the PBS droplet. In both cases the sensors surface was covered by the self assembled monolayer.
The results of these initial reference spectra of different devices are listed in Table 1 .
The results of these initial measurements on the PBS droplets are indicated as the first group of "o" in Fig. 8 . Subsequently, a series of PBS droplets containing biotin carrying phosphor lipids ("*" in Fig. 8 ) was directed over the QCM sensor. In agreement with the theory, a shift to lower resonance frequencies of the QCM was determined via impedance measurements and a stable level was reached after 8 min indicating the formation of a phospholipid monolayer, which carries biotin residues on 20% of the phospholipid head groups [14] . Measurements on pure PBS droplets (second group of "o" in Fig. 8 ) confirmed the stability of the formed monolayer. A multilayer formation was achieved by directing a series of streptavidin enriched PBS droplets ("+" in Fig. 8 ) to the QCM sensor spot. The streptavidin molecules form a bio-specific link with the Biotin-presenting phospholipid coating of the QCM [15] . An additional decrease of ∼20 kHz in the resonance frequency of the QCM was determined; see Fig. 8 . After the first three measurements in a time interval of 3 min the signal did not decrease further. Finally, two PBS droplets (third group of "o" in Fig. 8) were placed on top of the sensor in order to confirm the multilayer formation as the origin of the frequency shift and to rule out shifts due to a different viscosity of the dissolution. Each new layer of biomolecules resulted in a damping of the sensor signal which lowered the Q-factor to approximately one third of the initial value.
The few obtained resonance frequencies, depicted in Fig. 8 , showed a large fluctuation between different droplets of the same chemical constitution. In order to show if the droplet manipulations or if the method of the QCM integration is responsible for the large variance, many measurements were performed on the same droplet in contact with the QCM sensor. The binding load of the sensor should not be altered during these measurements because of the identical composition of the used droplets. For a first measurement, the resonance frequency of the integrated gold covered QCM sensor loaded with a PBS droplet was determined. The measurement results showed a standard variance of 390 Hz. A second measurement was performed on a series of droplets which allowed for the binding of streptavidin onto a layer of phosphor-lipids. The initial droplet containing phosphor-lipids was first replaced by a PBS droplet, then by a series of three droplets containing streptavidin and finally by a PBS droplet. The resonance frequency was determined several times for each of these droplets which are depicted in Fig. 9 . The variance within one block of measurement data, corresponding with the same droplet, was in the range of 2.8-4 kHz which is quite high. On the other hand no difference between the single droplets of the same composition could be seen. Thus, we conclude that the exchange of the droplet by capillary forces does not change the binding status of the QCM surface. The anticipated increase of sensitivity due to unloading the sensor by dragging the droplet away could not be found. Because a liquid film remained on the sensor site which alters the effective mass of the sensor and did increase the variations in the measured resonance frequencies even further.
After directing the first of the streptavidin enriched PBS droplets to the sensor a decrease in the contact angle was observed. This indicated that the binding of the bio-molecules corresponds with a higher surface energy which resulted in a sticking of the droplet. In the case of a positive detection of bindings the hydrophobic properties of the functionalized QCM get lost. Therefore, we were not able to drag the droplet away from the QCM by means of electrowetting actuation and had to remove the droplet manually.
In order to quantify the sticking problem which is associated with the binding of bio-molecules we prepared a flat gold surface which was covered with the self assembled monolayer of 1-octadecanethiol. Onto this monolayer droplets of 5 l volume of different compositions where deposited and the contact angle was measured with the optical contact angle meter G10 from Krüss GmbH, Germany. The changes of the contact angle of a PBS droplet without additional constituents due to evaporation or other nonbinding interactions of the buffer with the SAM were measured over time. These measurement results are indicated with "o" in Fig. 10 specific binding of the phosphor lipids onto the contact angle. The measured contact angles of a single PBS droplet containing phospholipids are indicated with "*" in Fig. 10 and a decrease of 8 • of the contact angle within a period of 10 min was measured. The droplet was removed by rolling of the surface and on the same spot a PBS droplet enriched with streptavidin was deposited. Results of contact angle measurement on this droplet are indicated with "+" in Fig. 10 . The formation of a multilayer reduced the contact angle by 18 • within 10 min. Thus, the origin of the droplet sticking can clearly be associated with the change of the surface energy due to the binding of the bio-molecules. Onto this new bio-film surface a droplet of PBS containing streptavidin (+) was deposited and the change of the contact angle measured over time. All changes are measured in relation to their initial contact angle. The contact angle of a pure PBS droplet (o) was measured in order to indicate the changes due to evaporation or other non-binding interactions of the buffer with the SAM.
Conclusion
From the recorded data of table one it can be seen that the loading with the PBS droplet strongly reduces the quality factor. The advantage of digital microfluidics is that the QCM can be wetted by bio-molecule containing liquids in order to perform chemical bonding. Following this, the sensor spot can be de-wetted by transporting the droplet away in order to perform undamped measurements. The quality factors as well as the statistical spread do strongly depend on the actual fixation for the quartz crystal into the base plate. The same integration and bonding method can result in very different resonating spectra, e.g., device 3 and 4 of Table 1 . All devices fabricated by the two different methods showed large standard deviations. Thus, we were not able to reproduce the much lower deviations as stated in [12] . We expect that a stress free fixation of the quartz crystal would deliver less scattering of measurement results.
Both a chemical and a physical solution for the "sticking droplet" problem are currently being investigated. The chemical approach of either washing away the binding molecules or the new formation of a hydrophobic surface is feasible but has to be adapted to the restrictions of digital microfluidics. As a first test we brought a droplet detergent of octyl-d-glucopyranoside to the surface coated with phospholipids. The binding tail was removed and the original resonance frequency restored. The detergent itself was hydrophilic which rules out transportation by means of EWOD. The physical approach deals with a replacement of the sample droplet by a buffer droplet. This remains at the energetically favorable sensor spot and can be replaced by another sample or buffer droplet. The latter solution holds the advantage of keeping the surface of the functionalized area and the bio-molecules wetted but would exclude the measurements of the fundamental frequency of the undamped sensor.
We presented the integration of a functionalized QCM sensor with high fundamental frequency into a platform designed for EWOD actuations. The frequency shift of the resonance frequency, indicating the binding of bio-molecules out of single droplets to the functionalized surface, was detected. Thus, the applicability of functionalized QCM sensors in digital microfluidics was shown. The drawback of this detection method is that after the first binding of lipids the hydrophobic layer gets more and more hydrophilic. Therefore, the QCM sensor principle has to be applied to a different bio-chemical system where the hydrophobic properties are conserved during the detection process.
